We have mapped and sequenced both chromosome breakpoints of a balanced t(6;11)(q14.2;q25) chromosome translocation that segregates with a schizophrenia-like psychosis. Bioinformatics analysis of the regions revealed a number of confirmed and predicted transcripts. No confirmed transcripts are disrupted by either breakpoint. The chromosome 6 breakpoint region is gene poor, the closest transcript being the serotonin receptor 1E (HTR1E) at 625 kb telomeric to the breakpoint. The chromosome 11 breakpoint is situated close to the telomere. The closest gene, b-1,3-glucuronyltransferase (B3GAT1 or GlcAT-P), is 299 kb centromeric to the breakpoint. B3GAT1 is the key enzyme during the biosynthesis of the carbohydrate epitope HNK-1, which is present on a number of cell adhesion molecules important in neurodevelopment. Mice deleted for the B3GAT1 gene show defects in hippocampal long-term potentiation and in spatial memory formation. We propose that the translocation causes a positional effect on B3GAT1, affecting expression levels and making it a plausible candidate for the psychosis found in this family. More generally, regions close to telomeres are highly polymorphic in both sequence and length in the general population and several studies have implicated subtelomeric deletions as a common cause of idiopathic mental retardation. This leads us to the hypothesis that polymorphic or other variation of the 11q telomere may affect the activity of B3GAT1 and be a risk factor for schizophrenia and related psychoses in the general population.
Twin, adoption and family studies have clearly demonstrated a significant genetic contribution to the aetiology of schizophrenia and the related psychoses. 1, 2 Attempts to identify the genes responsible through linkage or candidate gene studies have been the focus of much effort. While a number of suggestive candidate regions have been identified through linkage studies, so far no consistent association between any particular candidate gene and schizophrenia has been found.
Rare chromosomal translocations have proved to be a powerful resource for the identification of genes responsible for a number of Mendelian disorders. These include disorders with a physical phenotype, for example, Menkes disease, 3 as well as disorders with a complex behavioural phenotype such as language disorder. 4 Therefore, as an alternative approach to linkage analysis, we have studied a pedigree with a balanced translocation cosegregating with psychotic illness.
Holland and Gosden 5 first described the threegeneration English pedigree with a t(6;11)(q14.2;q25) balanced translocation ( Figure 1 ). Psychiatric diagnosis was made using DSM III criteria without knowledge of their cytogenetic status. The propositus (III.6) was diagnosed with schizoaffective disorder and the mother (II.2) with schizophrenia paranoid type. Age of onset was within the third decade for the propositus and fourth decade for the mother. The propositus's sister (III.5) committed suicide at the age of 24 years, 5 months after giving birth to dizygotic female twins. Neither daughter has suffered from a psychotic illness, although one (IV.4) has attempted suicide. The maternal grandfather (I.2) was thought to be the source of the translocation. Insufficient information was available for a diagnosis, although it was noted that he was a heavy drinker, violent and probably committed suicide. Interestingly, two of the family members, the maternal aunt (II.5) and uncle (II.4), are translocation carriers and yet are psychiatrically normal. The authors suggest environmental reasons or variable penetrance of the genetic risk factor(s).
In this paper, we describe the localisation and subsequent sequencing of both translocation breakpoints. Candidate genes close to the breakpoints are discussed together with the molecular mechanisms behind the translocation formation.
Materials and methods

DNA
Bacterial artificial chromosomes (BACs) and P1-derived artificial chromosomes (PACs) were identified from the Roswell Park Cancer Institute libraries (http://www.chori.org/bacpac/) held at the Sanger Institute. Chromosome-specific cosmids were from the chromosome 6 library constructed at the Sanger Institute and the chromosome 6 and 11 Los Alamos National Laboratory (LANL) libraries held at the HGMP Resource Centre, Cambridge, UK. DNA was prepared using a modified alkaline lysis procedure. 6 Chromosome flow sorting The two translocation derivative chromosomes were enriched by dual laser flow sorting 7 and used as templates for degenerate oligo-primed (DOP) PCR. 8 The DOP PCR products were then used as template for further PCRs. Negative controls were also included to ensure that the DOP products were solely from the derivative chromosomes.
PCR amplification
Sequence-tagged site (STS) primers were chosen from the Sanger Institute's chromosome 6 radiation hybrid (RH) map (03-11-1998) or designed from genomic sequence using MIT primer 3 design software (http://www.genome.wi.mit.edu/cgi_bin/primer/ primer3_www.cgi). PCRs were carried out in a volume of 10 ml consisting of 30-50 ng template DNA, 1 Â PCR buffer (50 mM KCl, 10 mM Tris-HCl pH 8.3), 1.5 mM MgCl 2 , 100 mM dNTPs, 0.5 UTaq and 1 mM of each primer. PCR was carried out using a Gradient Robocycler (Stratagene) with the following conditions: 941C for 4 min, 30 cycles at 941C, 55-601C and 721C all at 1 min each, 721C for 10 min. For junction fragment PCRs for sequencing, volumes of 50 ml were used and reagents increased proportionately. Annealing temperature was 601C and extension times were increased to 3 min at 721C for 30 cycles.
PCR walking
For the chromosome 6 breakpoint, a range of framework STS markers were chosen from the Sanger RH map (03-11-1998). Each marker was used in a PCR with flow-sorted derivative chromosomes as DNA templates. A product on either the der(6) or the der(11) flow-sorted chromosomes indicated the marker being proximal or distal to the breakpoint. Further markers between the two flanking framework markers were then chosen and used to refine the distance.
For the chromosome 11 breakpoint, STS markers were designed at 5 kb intervals from a Phrap 9 sequence assembly representative of RP11-469N6. Amplification against derivative chromosomes allowed two flanking markers to be identified. STS design between the flanking markers then allowed further refinement of the breakpoint position.
Fluorescence in situ hybridisation Chromosome preparations were made from the lymphoblastoid cell lines using conventional cytogenetic methods. Metaphase spreads were prepared using standard methods and denatured in 70% formamide/2 Â SSC at 651C for 1.5 min, placed in 70% ice-cold ethanol for 1 min before dehydration in an ethanol series (70, 70, 90 , 90 and 100%) prior to hybridisation.
Miniprepped BAC, PAC or cosmid DNA was labelled with either biotin-16-dUTP or digoxigenin-11-dUTP (Boehringer Mannheim) by nick translation. Hybidisation buffer(11.5 ml) (50% formamide, 2 Â SSC, 10% dextran sulphate, 0.1% SDS, 1 Â Denhardt's solution, 40 mM sodium phosphate pH 7) together with 30 ng labelled DNA and 1 mg cot1 DNA (Life Technologies) was denatured at 651C for 10 min. Preannealing of repetitive sequences was then performed at 371C for 30 min. The hybridisation mixture was applied to the metaphase slides and sealed with a coverslip. Slides were incubated overnight in a 371C oven. Following removal of the coverslips, slides were washed at 421C in 2 Â SSC for 5 min, twice in 50% formamide/2 Â SSC for 5 min and then 2 Â SSC for 5 min. Probes were detected with Cadenza-automated immunostainer (Shandon, USA). Antibodies used for biotin-16-dUTP hapten were 1 : 333 dilution of avidin texas red (Molecular Probes), 1 : 250 dilution of biotinylated anti-avidin (Vector) and then, 1 : 333 dilution of avidin texas red (Molecular Probes). Digoxigenin-11-dUTP antibodies were 1 : 500 dilution of mouse anti-digoxigenin FITC (Sigma-Aldrich) and then 1 : 200 dilution goat anti mouse FITC (Amersham Pharmacia). Three 5 min washes of 4 Â SSC/0.05% Tween were carried out between each antibody incubation. Chromosomes were counterstained in 4 0 ,6-diamidino-2-phenylindole (DAPI) in 2 Â SSC (0.08 mg/ml) for 2 min, followed by a rinse in 2 Â SSC and then, dehydration in an ethanol series. FISH images were captured on a fluorescence microscope (Axiophot, Zeiss) equipped with a FITC/texas red/DAPI excitation filter set and cooled CCD camera (KAF 1400, photometrics, Tuscon, AZ, USA), both driven by Smartcapture VP software (Digital Scientific).
Physical mapping (contig extension)
Contig construction was based on the strategy described by Mungall et al. 10 Using the existing contig information held within the Sanger Institute's FingerPrint Contig (FPC) database, 11 STS markers were designed from BAC end sequences positioned at contig ends. These STSs were then used to screen the RPCI-11 BAC library 12 to isolate new chromosome 6-specific BACs. Following HindIII/Sau3A partial digest fingerprinting analysis, 13 clones were placed in the correct positions in the contigs based on degree of fingerprint overlap. Gap closure was also assisted by searching the TIGR end sequences 14 with finished clone sequence. Comparison of the FPC database held at the Genome Center, St Louis, MO, 15 based on total HindIII digests, 16 with the Sanger Institute chromosome 6 partial digest fluorescent fingerprinting database also proved worthwhile in extending some of the contigs.
Fingerprinting
Bacterial clone DNA preparation and fluorescent fingerprinting were carried out using the methods of Gregory et al. 13 Fingerprint data were collected from an automated DNA sequencing machine (model 377, PE Applied Biosystems) using ABI 377 Prism Collection software. Unprocessed gel images were downloaded onto a UNIX workstation and imported into IMAGE 3 for analysis (http://www.sanger.ac.uk/Software/Image). Final analysis of the fingerprints was performed in FPC.
11
Cosmid library screening Two chromosome 6-specific cosmid libraries (Sanger Institute and LANL) and one chromosome 11 (LANL) library were screened. BAC DNA (25 ng) was randomoligo nucleotide prime labelled (Prime-A-Gene, Promega) with 32 P-dCTP. Repetitive sequences were competed out using 100 mg human placental DNA (Sigma-Aldrich) and 10 mg cot1 DNA. Hybridisations and washing were performed as for Southern blot analysis.
Southern blot analysis
Southern blots were performed using Hybond XL membranes according to the manufacturer's instructions (Amersham Pharmacia). Briefly, 10 mg of translocation and human control genomic DNA was digested and separated in a 0.8% agarose gel. DNA transfers were performed under alkaline conditions to the positively charged nylon membranes. Probes were random-oligo nucleotide prime labelled (Prime-AGene, Promega) with a-32 P-dCTP. Hybridisations were incubated at 651C overnight in modified Church buffer. 17 All probes were competed with 10 mg of cot1 and 100 mg of human placental DNA. Washing stringencies were 2 Â SSC, 0.1% SDS for 10 min, 1 Â SSC, 0.1% SDS for 15 min and 0.1 Â SSC, 0.1% SDS twice for 10 min each. Blots were exposed to Kodak Phosphor Imaging or X-ray film for 1 h to 2 weeks.
DNA sequencing
For junction fragment sequencing, primers were designed in repetitive regions on chromosome 6 and unique sequence on chromosome 11 to amplify the breakpoints (primersFderivative 6F 5
. PCR product templates were purified using DNA purification kit II (ThermoHybaid). For cosmid end sequencing, miniprep-prepared DNA was used as template. Sequencing PCRs were carried out using BigDye terminator mix (PE Applied Biosystems) according to the manufacturer's protocols. Products were then analysed on an ABI 377 or 3100 automated sequencer (PE Applied Biosystems). Phred, Phrap and Consed 18 software were used to analyse sequences.
Computational/bioinformatic analysis A series of web tools were used for the majority of the analysis. All accessioned sequences were retrieved from ENTREZ at the National Center for Biotechnology (NCBIFhttp://www.ncbi.nlm.nih.gov). Genome annotation sites used were EnsEMBL (http://www.ensembl.org), Genome Browser ( http://genome.ucsc.edu) and Nucleotide Information X analysis (NIX, HGMP-RC, UK). Homology searches were carried out using NCBI BLAST or a local copy of DOTTER. 19 Repetitive elements were masked out using RepeatMasker (http://www.genome.washinton.edu/UGWC/ analysistools/repeatmask.htm). A local copy of phrap longreads 9 was also used to construct linear sequences from draft human sequences of many unordered sequence contigs as its template.
Results
Chromosome 6 breakpoint
The translocation breakpoint on chromosome 6 was located by cytogenetics to the 6q14.2 band by the original investigators. 5 Molecular refinement was first carried out by PCR amplification of STS markers chosen from the Sanger Institute RH map (03-11-1998), using derivative chromosomes enriched by flow sorting as templates. This revealed the breakpoint to be between positions 380cR 3000 and 388cR 3000 on the RH map. This is approximately equivalent to a distance of 2 Mb (Panos Deloukas, Sanger Institute, personal communication). Fluorescent in situ hybridisation (FISH) analysis of translocation carrier metaphase chromosome spreads using BAC clones did not reveal any clones with hybridisation signals on both derivative chromosomes. This suggested that the breakpoint was within an unmapped region or gap. Physical mapping experiments were therefore carried out to increase the clone coverage in this region. End sequences from clones in the region were used to design new STS markers, which enabled the identification of more 6q14 clones from the RPCI-11 human BAC library. These clones were characterised by HindIII/Sau3A partial digest fluorescent fingerprinting to align and expand the existing contigs. Serial repetition of these steps increased the average contig size from eight clones up to one large contig containing 280 clones spanning over 3 Mb. Representative clones were used to screen metaphase translocation chromosome spreads. This led to the discovery of BAC RP11-43O2 which showed an in situ hybridisation signal on both derivative chromosomes (Figure 2a) , and refined the breakpoint to within 200 kb, the size of the BAC clone. This clone was then used to screen two chromosome 6-specific cosmid libraries. A total of 66 cosmid clones were identified and characterised by HindIII/Sau3A partial digestion fingerprinting and a tiling path representative of RP11-43O2 generated. Representative cosmid clones were again used in FISH experiments and a 30 kb cosmid, LA0618-I13, crossing the breakpoint was identified. Southern blot analysis of HindIIIdigested translocation and control genomic DNA with cosmid restriction fragments enabled the breakpoint refinement to a 6 kb HindIII parent band together with 
the identification of a faint 1.5 kb putative junction fragment band (data not shown).
Chromosome 11 breakpoint
The chromosome 11 breakpoint was cytogenetically located in the distal part of 11q25. 5 A similar strategy to that used to identify the chromosome 6 breakpoint was utilised although because of advances in the human genome project, no physical mapping experiments were needed. BAC clones from 11q25 were chosen at 1 Mb intervals from the October 2000 data release of the draft human genome assembly 15, 20 and used in FISH experiments. The results showed the breakpoint to be more telomeric than the clone RP11-340L13, reported to be the BAC closest to the telomere. 21 However, in the December 2000 data release of the draft human genome assembly, an additional 10 Mb of clones were located more telomerically. Among these clones, the 180 kb BAC clone RP11-469N6 was found to cross the breakpoint and was part of a 500 kb contig placed closest to the telomere.
Partial DNA sequence was available for RP11-469N6 (AP001999.3) in the form of seven unordered sequence contigs. Assembly of an almost complete linear sequence representative of RP11-469N6 was achieved by obtaining additional sequences from overlapping draft clones in the region and assembly by phrap longreads software. 9 Subsequent DOTTER comparison of this assembly with the finished sequence (AP001999.4) showed it to be identical. PCR primer pairs were then designed at 5 kb and then later 1 kb intervals along this consensus sequence. PCR analysis of flow-sorted derivative chromosomes as a template, identified two PCR markers only 1 kb apart which flank the breakpoint. Southern blot analysis on HindIII translocation and control genomic digests using PCR-amplified fragments near the breakpoint confirmed the breakpoint position (data not shown).
Sequencing of breakpoint junctions
The breakpoint junctions were isolated by PCR amplification using primer pairs chosen from the surrounding region. These yielded either a 1.1 kb product for derivative chromosome 6 or a 3 kb product for derivative chromosome 11. Amplification products were only generated by the translocation DNA (Figure 3 ). Sequencing and comparison of the PCR products showed that they both contained the unique breakpoint junction sequences (Figure 4) . Alignment of the junction sequences with their parental chromosome sequences showed that a loss of eight to nine base pairs from both chromosomal parents has occurred. A small duplication of downstream chromosome 11 sequence was also evident on the derivative chromosome 11.
Bioinformatic analysis of breakpoint regions
The breakpoints are at position 57 029 bp (within sequence AL390125.23) on chromosome 6 and at position 102 556 bp (within sequence AP001999.4) on chromosome 11. BLAST and DOTTER comparisons of the two BAC sequences failed to show any significant homology between them.
The Genome Annotation tools EnsEMBL (http:// www.ensembl.org/) and Nucleotide Information X analysis (NIX, HGMP-RC, UK) have been used to analyse the chromosomes 6 and 11 regions. The chromosome 6 region is close to the genome average for GC content, although it has an unusually highrepeat content rich in long interspersed repetitive elements (LINES). The breakpoint itself lies within a LINE1 repeat. Conversely, the chromosome 11 breakpoint lies within unique sequence, has a total repeat content 9% lower and a GC content 5.4% higher than the human genome average (see Table 1 ).
A number of confirmed and predicted transcripts are found on both chromosomes. A map of the regions with confirmed transcripts and their putative functions can be seen in Figure 5 and Table 2 . No confirmed transcript was disrupted by the translocation. However, a transcript predicted by the program Figure 3 Junction Fragment PCR of translocation (t) and human control (c) DNA. The derivative 6 breakpoint yields a 1.1 kb PCR product and derivative 11 a 2.7 kb product. No amplification products are present with human control DNA. Figure 4 Translocation breakpoint sequences. Bold chromosome 11 sequence, standard-type chromosome 6 sequence, brackets deleted sequence, underlined and italicised insertion/duplicated sequence, underlined source of insertion/ duplication. 22 is disrupted on both chromosomes 6 and 11. No expressed sequence tag (EST) homology in any species exist for either of these predictions and both need to be verified experimentally.
Discussion
We have successfully identified the site of the balanced t(6;11) chromosome translocation which cosegregates in a family with a schizophrenia spectrum phenotype. Although we did not find any confirmed genes disrupted by either breakpoint, we have identified two candidate genes, a glucuronyltransferase gene (B3GAT1) close to the derivative chromosome 11 breakpoint and the serotonin receptor 1E gene (HTR1E) close to the derivative chromosome 6 breakpoint. The expression of these genes could potentially be altered by a positional effect due to alteration of the chromatin environment as a consequence of the translocation. Translocations have previously been reported to have positional effects as much as 950 kb away from the affected gene. 23, 24 Two mechanisms are responsible for this phenomena, separation from a distant cis-acting regulatory element or juxtaposition of transcriptionally active euchromatin to transcriptional silent heterochromatin. The chromosome 6 region is LINE repeat rich and Alu repeat poor, making it potentially transcriptionally silent. 20 This gene-poor region may repress any active genes on the translocated chromosome 11 fragments.
The exact mechanism for the formation of the t(6;11) translocation is uncertain. Chromosome rearrangements have previously been reported to be associated with high copy repeats such as Alu, LINE and LTR sequence homology 25, 26 or low copy repeats (LCRs) containing AT-rich repetitive sequences. 27 Our findings show that the chromosome 6 breakpoint lies within a region almost exclusively made up of LINE repeats. However, the chromosome 11 breakpoint does not fall within a repetitive region. No short-or long-range sequence homology could be found between chromosomal exchange regions. This suggests that an independent de novo double-strand break of both parental chromosomes has occurred. Repair has then taken place by nonhomologous end joining. 28 This particular repair pathway often involves 'processing' of the broken ends before ligation. This may involve deletions, duplications, inversions or insertions. The t(6;11) translocation shows a loss of eight to nine nucleotides from both parents together with a small sequence insertion duplicated from chromosome 11 sequence. Interestingly, this duplication/ insertion is from a nonadjacent sequence 7 bp away on the chromosome 11 sequence. There are two potential models to explain this. The most likely explanation is that duplication of the exposed chromosome 11 end has occurred followed by end trimming before ligation. Alternatively, a more complex explanation involving the insertion of an unrelated DNA fragment (filler DNA) followed by end ligation is possible. 29, 30 In this model, the DNA fragment from chromosome 11 is the origin of this filler DNA.
Both breakpoint regions show some evidence for linkage in a number of genome screens for schizophrenia. Cao et al 31 reported excessive allele sharing for a broad region between D6S275 and D6S303, peaking at marker D6S424 (P ¼ 0.00095) in a linkage study using the NIMH Schizophrenia Genetics Initiative data set. In a replication of this finding, Martinez et al 32 found the highest LOD score of 3.82 between the markers D6S424 and D6S301 Table 2 Confirmed and predicted genes with human and non-human EST homology on (a) chromosome 6 and (b) chromosome 11, their distance and orientation from the breakpoint together with a brief summary of their function 33 found a peak at D6S1056 (NPL Z score ¼ 1.56, P ¼ 0.0622), which is close to D6S424. These markers are close to the chromosome 6 breakpoint, between 6 and 16 Mb more telomeric. An unrelated psychotic patient with a t(5;6)(p13;q15) translocation close to the breakpoint of this family has also been reported. 34 There are also some reports of linkage to the chromosome 11q24-25 region. Gurling et al 35 reported linkage to several distal 11q markers (Po0.01 at D11S925, D11S934 and D11S4150) in several large Icelandic pedigrees. A single Russian family with modest linkage to D11S968, the most telomeric 11q25 Genethon marker, was also quoted in the chromosome report VIIth World Congress of Psychiatric Genetics. 36 This marker lies 760 kb centromeric to the chromosome 11 breakpoint. A small cluster of genes that includes B3GAT1 is just upstream of the breakpoint and lies even closer to this marker. These linkage findings suggest that the gene or genes affected by the translocation may have significance, not just in this family but in the wider schizophrenic population.
A map of the chromosome 6 breakpoint region is shown in Figure 5a . The breakpoint disrupts a genscan hypothetical protein. 22 It is a small protein with only 87 amino acids and a mass of 9.1 kDa. However, it is uncertain whether this is a true protein due to the lack of EST homology. The only other plausable candidate found on this region of chromosome 6 is the serotonin receptor 1E (HTR1E) located 625 kb telomeric to the 6q14.2 breakpoint. 37, 38 The serotonergic system has long been implicated in the pathogenesis of psychosis based on the observation that lysergic acid diethylamide (LSD), an agonist for serotonin receptors, could produce a form of psychosis. Interest has been rekindled by the observed serotonergic binding affinities of a number of atypical neuroleptics. However, the absence of a 5ht 1E -specific ligand has hampered research for this particular receptor and its exact physiological role is unknown. At low concentrations of 5HT, it shows modest inhibition of forskolin-stimulated adenylate cyclase, with a potentiation function at higher concentrations. 39 mRNA expression studies show its distribution in cortical areas (including the entorhinal cortex), the caudate and putamen, with lower but detectable levels in amygdale and hypothalamic regions. 40, 41 The lack of information on the functional role of this receptor makes it difficult to assess this gene as a good candidate for the psychosis observed in this family.
The chromosome 11 breakpoint region can be seen in Figure 5b . The breakpoint disrupts a 17 kDa predicted genscan protein, 154 amino acids long. The lack of EST homology again casts doubt on its validity. However, a cluster of genes exists upstream from the 11q25 breakpoint containing a number of confirmed and predicted transcripts. Of particular note in this cluster is the closest gene, B3GAT1 or b-1,3-glucuronyltransferase 1 (GlcAT-P). It lies approximately 299 kb proximal to the breakpoint and it has an important role in neurodevelopment making it a plausible candidate for schizophrenia. It is expressed almost exclusively in the brain and is the main glucuronyltransferase involved in the biosynthesis of the carbohydrate HNK-1 epitope. 42, 43 Expression is spatially and temporally regulated in the brain 44, 45 and appears to be important in cell-to-cell and cell-tosubstrate interactions. [46] [47] [48] The HNK-1 epitope is shared by a number of cell adhesion molecules including neural cell adhesion molecule (NCAM), telencephalin, tenascin-R, myelin-associated glycoprotein (MAG) and L1 as well as some other glycoproteins and glycolipids. 45, [49] [50] [51] Yamamoto et al 52 recently developed a mouse model with a targeted deletion of B3GAT1. Mice lacking this gene appeared anatomically normal. However, it became evident that adult mice exhibited reduced long-term potentiation (LTP) at Schaffer collateral-CA1 synapses, together with a defect in spatial memory formation. Mice with targeted deletion of the final gene in the HNK-1 synthetic pathway, HNK-1 Sulfotransferase, showed similar defects in LTP. 53 In addition, monoclonal antibodies to HNK-1 also affect LTP in hippocampal slice preparations. 54 Hippocampal changes in schizophrenics have long been reported [55] [56] [57] and models involving reduced LTP proposed. 58 Deficits in spatial memory formation have also been observed in schizophrenia. 59 All of this information points towards the disruption of expression of B3GAT1 as the most likely cause for the phenotype observed in this family. While this gene has never been considered a candidate for psychosis before, the HNK-1 epitope is found on several cell adhesion molecules, a number of which are reported to be dysregulated in schizophrenia. 60, 61 Defects in this gene may also be responsible for psychosis in other unrelated individuals.
The proximity of B3GAT1 close to the telomere may also have important consequences for genetic susceptibility to psychosis. Regions close to the telomere (subtelomeres) are unusually dynamic and complex structures, consisting of a mosaic of sequence blocks that can be both polymorphic and shared between different chromosomes. This was first demonstrated by FISH and restriction mapping studies 62 showing sequence variation in many of the chromosome subtelomeres. One extensively studied subtelomere is on chromosome 16p which has extraordinary length polymorphisms. 63 Three alleles were found differing in length by up to 260 kb. These differences were most likely from exchanges of long stretches of terminal DNA between nonhomologous chromosomes implying analogous length variation in other human subtelomeres. Most subtelomeric exchanges are phenotypically silent. 62, 64, 65 However, several studies have implicated subtelomeric deletions as a common cause of idiopathic mental retardation. [66] [67] [68] [69] Subtelomeric deletions of a 3.3 kb repeat array on 4qter can also lead to facioscapulohumeral muscular dystrophy or FSHD. 70 The repeat number varies in the population, with the shortest alleles being associated with FSHD. Intriguingly, a chromosome 11q subtelomere polymorphism has been previously reported. 71, 72 A healthy individual was shown to have a block of chromosome 19p-derived subtelomeric sequence on only one chromosome 11 homolog. Since the 11q subtelomere has only recently been sequenced, the frequency, nature and consequences of 11qter polymorphisms are unknown. Shorter 11q subtelomeres may have positional effects on B3GAT1, either through direct loss of a cis-acting regulatory element for B3GAT1 or by a phenomena known as telomere position effect. Originally discovered in Saccharomyces cerevisae 73 and later in humans, 74 genes placed close to the telomere were transcriptionally silenced. The level of silencing was dependent on both the distance of the gene from the telomeric repeats together with the number of telomeric repeats present. If this is the case on chromosome 11, then shorter 11q subtelomeres may be an important genetic risk factor for schizophrenia and related pyschoses.
